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INTRODUCTION
The rhizobia are root-nodulating bacteria responsible for a significant part of the global fixation of nitrogen. The ability of rhizobia to nodulate plants and reduce N # is conferred by genes that are plasmid-borne in many species (Pueppke, 1996) , and the lateral transfer of these genes is the most likely explanation for their occurrence within several distinct clades of subgroup 2 of the α-Proteobacteria (Dobert et al., 1994 ; Kaijalainen & Lindstro$ m, 1989 ; Lindstro$ m et al., 1995 ; Young, 1998 ; Young & Johnston, 1989) . The phylogeny of the nodulation genes is quite different from that of the small subunit rRNA (SSU or 16S rRNA) genes in these bacteria. As in other bacterial groups, the SSU phylogeny has had a major influence on our current perception of evolutionary relationships among rhizobia ( Willems & Collins, 1993 ; Young, 1996 ; Young et al., 1991) . More than 20 species have been described, and they are classified into the genera Rhizobium, Sinorhizobium, Allorhizobium, Mesorhizobium, Bradyrhizobium and Azorhizobium as well as ' Methylobacterium nodulans ' (de Lajudie et al., 1994 ' (de Lajudie et al., , 1998b Dreyfus et al., 1988 ; Jarvis et al., 1997 ; Jordan, 1982 ; Sy et al., 2001) . For current nomenclature, see J. P. Euze! by's List of Bacterial Names with Standing in Nomenclature (http :\\ www.bacterio.cict.fr\). The genera Bradyrhizobium and Azorhizobium have many phenotypic differences from the others, includ-ing much slower growth on laboratory media (Dreyfus et al., 1988 ; Fred et al., 1932 ; Jordan, 1982) . They are also fairly distant in the SSU phylogeny, being no more related to the other rhizobia, or to each other, than are many non-symbiotic bacteria such as Beijerinckia indica or Blastochloris (Rhodopseudomonas) viridis ( Young, 1996 ; Young & Haukka, 1996) . ' Methylobacterium nodulans ' is the name suggested for a recently discovered fourth group of root-nodule bacteria that are methylotrophic and closely related to known Methylobacterium species (Sy et al., 2001) . The other rhizobia, known collectively as the fast-growers, are more closely related, but their clade in the SSU phylogeny (Maidak et al., 2000) also includes Agrobacterium ( plant gall-formers), Phyllobacterium (leaf and rhizosphere colonists), Mycoplana (branching soil bacteria), Brevundimonas bullata (formerly Mycoplana bullata, see Abraham et al., 1999) and possibly the animal pathogens Bartonella and Brucella (Moreno et al., 1990 ; Weisburg et al., 1985 ; Young et al., 1991) .
There has been controversy over the relationship between Agrobacterium and Rhizobium, which have long been recognized as close relatives (Fred et al., 1932) . Some authors suggested that Agrobacterium should be subsumed into Rhizobium (de Ley, 1968 ; Graham, 1964 Graham, , 1976 Heberlein et al., 1967 ; Kerr, 1992 ; Sawada et al., 1993 ; White, 1972) , but the splitting of Sinorhizobium and Mesorhizobium from Rhizobium weakened the case for such an amalgamation because it was not clear whether Agrobacterium formed a monophyletic clade with Rhizobium sensu stricto. In the SSU phylogeny, Rhizobium leguminosarum, Rhizobium etli and Rhizobium tropici form a clade, recently joined by Rhizobium gallicum (Amarger et al., 1997) and Rhizobium mongolense (van Berkum et al., 1998) . This clade includes Agrobacterium rhizogenes, whose SSU is so similar to that of Rhizobium tropici that one might suggest they were conspecific ( Young & Haukka, 1996) . A second clade is formed by Agrobacterium tumefaciens and Agrobacterium rubi and, in some SSU phylogenies, this is joined peripherally by Agrobacterium vitis, Rhizobium galegae and, more recently, Rhizobium huautlense ( Wang et al., 1998) and Allorhizobium undicola (de Lajudie et al., 1998b) . Young et al. (2001) have recently proposed the inclusion of Agrobacterium and Allorhizobium in Rhizobium. This proposal is supported by a maximumlikelihood analysis of the SSU data that provides stronger evidence for the monophyly of this expanded genus Rhizobium and it sidesteps the necessity to resolve the phylogenetic uncertainties within it. It does, however, create a genus that has much greater SSU diversity than any of the other rhizobial genera. For clarity, we have retained the separate names in this paper.
The enormous success of SSU sequencing as an approach to bacterial systematics relies on the assumption that the evolutionary relationships of bacteria are reliably reflected in their rRNA genes, but gene trees are not necessarily an accurate representation of the species tree if there is exchange of chromosomal genes among the bacteria in question (Pamilo & Nei, 1988) . It is clearly desirable to examine genes other than SSU in order to confirm the relationships among the rhizobia and to clarify those that are ambiguous in the SSU phylogeny. We recently presented phylogenies for some species of fast-growing rhizobia (but not agrobacteria or other non-rhizobia) based on the two glutamine synthetase (GS) loci (Turner & Young, 2000) . The phylogeny of the GSI gene is very similar to that of SSU, with well-supported clades for Mesorhizobium, Sinorhizobium and Rhizobium (Rhizobium leguminosarum, Rhizobium etli and Rhizobium tropici), while Rhizobium galegae occupies a position intermediate between Rhizobium and Sinorhizobium. The GSII phylogeny is similar in most respects, but Rhizobium galegae is closely allied with Rhizobium leguminosarum and Rhizobium etli, Mesorhizobium huakuii is closer to Rhizobium than to Mesorhizobium and the Bradyrhizobium sequence is much closer to those of the fast-growing rhizobia than one would expect. We think these discrepancies probably reflect gene transfer. In order to assess the impact of gene transfer on the interpretation of single-gene phylogenies, such as those based on SSU, it is necessary to study more loci. We have now examined two additional loci, atpD and recA, in the type strains of representative species of fast-growing rhizobia and their relatives. The recA gene encodes part of the DNA recombination and repair system and large-scale phylogenies of recA in the bacteria are consistent with the corresponding SSU phylogenies (Eisen, 1995 ; Young, 1998) . The atpD gene encodes the beta subunit of the membrane ATP synthase that is essential for energy production. It is a ubiquitous and conserved gene, but there are no published sequences from rhizobia. In the complete 7 036 071 bp chromosome sequence of Mesorhizobium loti strain MAFF303099 (Kaneko et al., 2000) , atpD starts at position 3246882, recA at 24004 and the two SSU genes at 2745482 and 2752970. The genes are therefore spaced well apart on the genome.
METHODS
Isolates. Type strains of rhizobia, Agrobacterium, Phyllobacterium, Brevundimonas and Mycoplana species were obtained as detailed in Table 1 . Cultures were grown at 28 mC in TY medium (Beringer, 1974) and the medium was solidified as required with 1 % (w\v) agar.
Molecular methods. DNA was purified from liquid cultures as described by Laguerre et al. (1992) . Oligonucleotide primers for recA and atpD were designed from alignments of published nucleotide sequences and more robust primers were subsequently designed on the basis of the early sequences obtained. The primers are described in Table 2 and were used for both PCR and sequencing reactions. Purified DNA was added to a 50 µl PCR mixture [200 mM dNTP, 1n5 mM MgCl # , 10 pmol each primer, 1 U Taq DNA polymerase and 1i reaction buffer (Promega)] and incubated at 95 mC for 5 min followed by 30 rounds of thermal cycling (94 mC for 45 s, 50 mC for 60 s and 74 mC for 90 s in a 
* Sequences in bold were determined in this study. Sources of published sequences : a, van Berkum et al. (1996) ; b, Willems & Collins (1993) ; c, van Berkum et al. (1998) ; d, Rome et al. (1996) ; e, de Lajudie et al. (1994) ; f, Nour et al. (1994) ; g, Yanagi & Yamasato (1993) ; h, Nour et al. (1995) ; i, Wang et al. (1999) ; j, Barrera et al. (1997) ; k, Sakurada et al. (1996) ; l, Hiraishi & Ueda (1994) ; m, Dryden & Kaplan (1990) ; n, Weisburg et al. (1989) ; o, Eckloff et al. (1994) ; p, Liesack et al. (1992) ; q, Borghese et al. (1998) ; r, Tybulewicz et al. (1984) ; s, Andersson et al. (1998) ; t, McGowan et al. (1997) ; u, Ronner et al. (1991) ; v, Fernandez de Henestrosa et al. (1995) ; w, Calero et al. (1994) ; x, Dunkin & Wood (1994) ; y, Thompson & Blaser (1995) .
PTC-100 thermocycler ; M J Research, Inc.). PCR products were evaluated on a 1 % agarose gel stained with ethidium bromide. Unincorporated primers and dNTPs were removed from PCR products with Qiaquick PCR purification kits (Qiagen) or, if necessary, products were gel-purified and extracted with Qiagen kits. Purified DNA was sequenced using the dideoxynucleotide chain-termination method with fluorescent ddNTPs from Applied Biosystems on an ABI 377 Prism automated DNA sequencer, in accordance with the manufacturer's instructions. Faint PCR products were cloned into a sequencing vector ( pGEM-T ; Promega) and transformed into competent Escherichia coli XL-1 Blue before sequencing using T7 and SP6 primers. To check the location of the genes, plasmids were separated by the Eckhardt method of in-well lysis (Eckhardt, 1978 ; Wheatcroft et al., 1990) , transferred to nylon membranes and hybridized with PCR products of each gene amplified from Rhizobium leguminosarum USDA 2370 T using the DIG detection kit (Boehringer). Phylogenetic analysis. Nucleotide alignments of partial recA, atpD and SSU sequences were assembled using   (Thompson et al., 1997) and optimized by hand. Molecular phylogenies were reconstructed using the neighbour-joining method (Saitou & Nei, 1987) , with distances estimated using Jukes-Cantor, Kimura's two-parameter (K2P), Galtier and Gouy, Hasegawa-Kishino-Yano (HKY85), Log-det and Tajima and Nei models using  ,  (Galtier et al., 1996) and *4.0 (Swofford, 1997) , with 1000 bootstrap replications. Maximum-likelihood analysis was performed using three different software implementations. In fastDNAml (Olsen et al., 1994) , which uses the F84 model of nucleotide change, global searches were combined with a reiterative jumble of the taxon order and each search was repeated until three identical likelihoods were obtained. The genetic algorithm program  (Lewis, 1998 ) uses the HKY85 model and was run with 10 individuals, with two copies of the fittest always held over, and crossover, branch-length mutation and topological mutation probabilities all set to 0n4. Finally, *4.0 (Swofford, 1997) was used with the HKY85 model incorporating a discrete gamma (Γ) distribution of sitespecific rates and heuristic searches were conducted using the tree bisection-reconnection method for more than 1500 branch rearrangements. Maximum-likelihood estimates of transition\transversion ratios were obtained by a manual optimization using HKY85. Base frequencies and the proportion of invariant sites were estimated directly from empirical data. The estimate of the shape parameter, α,o f the Γ distribution for three discrete rate categories was obtained through an automated maximum-likelihood search strategy incorporating all a priori parameters described. The χ# test of homogeneity of base frequencies, p-distances, the skewness statistic of tree length distributions (10 000 random trees) and the partition homogeneity test (1000 random partitions) were calculated using *4.0. Kishino-Hasagawa tests were performed using fastDNAml and *4.0. Alternative phylogeny branching orders were obtained using MacClade (Maddison & Maddison, 1992) . The Windows program SimPlot (S. C. Ray ; http :\\ www.med.jhu.edu\deptmed\sray\download\) was used to plot pairwise sequence similarities for a sliding window along the alignments and for bootscanning, that is, plotting bootstrap support for pairings of taxa in neighbour-joining trees using a sliding window (Salminen et al., 1995) . 
RESULTS

DNA
Data robustness
All atpD, recA and SSU datasets and subsets were assessed using the χ# homogeneity test of base frequencies. Only the extensively rooted (' full ') recA dataset described below showed significant variation (P 0n01, with P 0n39 in all other cases). All phylogenies also showed p-distances below 75 % before and after the removal of invariant sites. Furthermore, phylogenies constructed using only third codon positions were broadly congruent with those produced using all three codon positions. Finally, all datasets showed highly significant phylogenetic structure (P 0n01 ; g " lk0n63 for 148 informative sites, k0n6216 for 214 informative sites and k0n667 for 392 informative sites for full datasets of recA, atpD and SSU, respectively) using the skewness statistic of tree length distribution (Hillis & Huelsenbeck, 1992) . The datasets therefore show strong phylogenetic signal and provide no evidence of saturation. Although variation in base frequency was observed in recA, the distant outgroups were maintained for the preliminary calculations to ensure consistent rooting.
Neighbour-joining phylogeny
Neighbour-joining phylogenies of atpD and recA were constructed for the 25 type strains sequenced in this study (Rhizobium, Sinorhizobium, Mesorhizobium, Bradyrhizobium, Azorhizobium, Agrobacterium, Phyllobacterium, Brevundimonas and Mycoplana species) plus published outgroup sequences and for SSU of the same species using published sequences. Each phylogeny was rooted using Helicobacter pylori and (for SSU and atpD) Pirellula marina, both of which are unambiguously external to the α-Proteobacteria. For SSU, a more comprehensive phylogeny containing an additional 174 taxa of the α-Proteobacteria sharing an ancestral node with Rhodospirillum was also constructed. In all cases, Rhodobacter sequences were external to the clade that included all rhizobia and Rickettsia prowazekii sequences were more distant still. Rickettsia was subsequently used as the outgroup and the more remote outgroups were removed. Neighbour-joining phylogenies were constructed for each dataset using the six distance-correction models described in Methods. Those clades that had strong bootstrap support were found consistently using all models and the trees obtained with the K2P model are shown (Figs  1-3) , since more complex models gave substantially similar results. For each of the genes (SSU, recA, atpD), the five Mesorhizobium species formed a strongly supported monophyletic group (84-100 % of bootstraps), as did the five species of Sinorhizobium (82-99 %). Support for Mesorhizobium in the SSU tree increased from 84 to 100 % if the Phyllobacterium sequences were omitted. The status of the other fast-growing rhizobia (the genus Rhizobium) was less clear-cut and has to be considered jointly with that of Agrobacterium. The close similarity between Agrobacterium rhizogenes and Rhizobium tropici, previously noted on the basis of SSU and supported here by 100 % of bootstraps, was confirmed by both the other genes (99 % for recA, 70 % for atpD). In the SSU tree, Rhizobium leguminosarum and Rhizobium etli were closely related (96 %) and formed the strongly supported sister group of the Rhizobium tropici-Agrobacterium rhizogenes clade (100 %). Rhizobium galegae and Agrobacterium tumefaciens were associated with these species (92 %) and formed a clade together (88 %). All these relationships were also seen in the recA tree, though with poorer bootstrap support. In the atpD tree, bootstrap support was generally poor, and the Rhizobium-Agrobacterium clade was not supported, though, on the other hand, it was not excluded either. The phylogenetic positions of the non-rhizobial genera Mycoplana, Brevundimonas and especially Phyllobacterium were less robust and this contributes markedly to the ambiguity in parts of the trees. Mycoplana ramosa and Mycoplana dimorpha were sister taxa in the trees for all three genes, with good bootstrap support (97-100 %), and formed an independent clade not associated closely with any other genus. For all three genes, the Brevundimonas bullata branch was unusually long and its position within the phylogeny was poorly supported. The two Phyllobacterium species, Phyllobacterium rubiacearum and Phyllobacterium myrsinacearum, were almost identical in sequence at all three loci, but their placement in the trees was uncertain. The association with Mesorhizobium seen for SSU (Fig. 1) was not supported by the other genes, which suggested a deeper placement (Figs 2 and 3) . Removal of the two Phyllobacterium recA sequences did not alter the structure of the remainder of the tree at all, but dramatically improved support for some clades. Notably, support for Rhizobium-Agrobacterium rose from 48 to 89 %. The atpD tree, on the other hand, which generally had poorer resolution than that for recA, was not significantly altered by the removal of Phyllobacterium and\or Brevundimonas sequences. Removal of Rickettsia, the outgroup, had a more substantial effect on the atpD tree : support for the crown group (Phyllobacterium to Sinorhizobium) increased from 36 to 74 %, while the root of this group shifted strongly onto the Mesorhizobium branch, so that the clade that excludes Mesorhizobium (but includes Phyllobacterium) received 98 % bootstrap support. Other relationships were not significantly affected and the improvements in support occurred whether or not Phyllobacterium and\or Brevundimonas sequences were included in the tree. The program SimPlot was used to look for possible reasons for the unstable behaviour of some sequences. Pairwise similarities were plotted for a 100 bp sliding window along the length of each gene and bootscanning analyses were made to highlight changes in support for different tree topologies. For the 5h part of the recA sequence, Brevundimonas was associated with Mesorhizobium and Phyllobacterium lay near the base of the tree, while the situation was reversed in the 3h part. This explains the low bootstrap values (30, 11, 38 %) in Fig. 3 . In the SSU, the Rhizobium galegae sequence generally resembles that of Agrobacterium tumefaciens except for a cluster of phylogenetically informative sites at around position 1000 that match Rhizobium leguminosarum instead. This reduced the confidence with which Rhizobium galegae could be placed in the tree and might perhaps reflect a recombination event. Details of the analyses are available as supplementary information in IJSEM Online (http :\\ijs.sgmjournals.org\).
Maximum-likelihood phylogeny
Maximum-likelihood models were constructed as described in Methods. In all cases, the HKY85jΓ model (which allows nucleotide positions to have different evolutionary rates assigned from a gamma distribution) showed a significant improvement on the HKY85 model, according to the likelihood ratio test ( Yang et al., 1994) . As in the neighbour-joining trees, the position of Phyllobacterium was ambiguous for each of the three genes. For the HKY85 model, Phyllobacterium formed an outgroup to the fastgrowing rhizobia, whilst, for the HKY85jΓ model, it occurred within the fast-growing rhizobia. Identical topologies between maximum-likelihood and neighbour-joining methods were observed within Sinorhizobium for all genes and within the Rhizobium-Agrobacterium clade for SSU. Elsewhere, numerous topological differences between neighbourjoining and maximum-likelihood methods were observed, but none involved branches that were well supported by neighbour-joining bootstrap analysis.
Partition homogeneity and combined data
A more reliable phylogeny might be obtained by using combined data for all three genes. The partition homogeneity test (Cunningham, 1997 ; Farris et al., 1994 ; Mickevich & Farris, 1981) was applied to check whether trees for the different genes were sufficiently similar in rates of divergence and branching order that it would be legitimate to combine the data. The test calculates how much longer the combined parsimony tree is than the sum of the separate trees, and compares this difference to the expected distribution estimated by allocating the data randomly into partitions of the same size as the genes. The atpD and recA sequences for the 23 sequenced type strains (the taxa in Fig. 3 minus Rickettsia and Rhodobacter) were combined and analysed using a two-partition test, one data partition corresponding to each gene. A three-partition test was conducted on the atpD, recA and SSU data. Invariant characters were removed for all analyses. Parsimony step-length homogeneity was supported for the atpDjrecA test (P l 0n25) but rejected for the atpDjrecAjSSU test (P 0n001), as shown in Fig. 4 . The latter result was confirmed using a two-partition test containing atpD and recA in one partition and SSU in the second for 100 randomized data partitions (P 0n01). These results permit us to combine the atpD and recA data, but suggest that the SSU data should be treated separately. Similar tests with a reduced dataset of just the 18 rhizobia and agrobacteria led to the same conclusion (P l 0n256 for atpDjrecA, P 0n001 for atpDjrecAjSSU).
Maximum-likelihood and neighbour-joining phylogenies for the combined atpD and recA sequences were compared with the corresponding SSU phylogenies. Trees were constructed with various combinations of the 23 taxa. Bootstrap support for the RhizobiumAgrobacterium clade was still low (58 %) in the neighbour-joining analysis of the combined atpDjrecA data if all taxa were retained, though higher than for either gene separately (48 % for recA, 50 % for atpD). However, removing nonrhizobia, and especially the troublesome Phyllobacterium sequences, increased support to 93 %. Trees that include just rhizobia and agrobacteria are shown in Fig. 5 . The robustness of the Rhizobium-Agrobacterium clade within the 23-taxon atpDjrecA tree was also investigated by constructing 28 alternative topologies for the disruption of monophyly by moving combinations of Rhizobium leguminosarum, Rhizobium etli and Rhizobium galegae, assessed using the Kishino-Hasagawa test on the HKY85jΓ maximum-likelihood model. This test determines whether an alternative tree is significantly less likely than the best tree, taking into account the observed variance in log-likelihood difference across nucleotide sites (log-likelihood, ln L, is the natural logarithm of the likelihood, so a reduction of 1 in ln L represents a tree that is 2n718 times less likely). The rearrangement of highest likelihood was when the Rhizobium leguminosarumRhizobium etli lineage formed a sister group to Sinorhizobium-Mycoplana (P l 0n15 ; reduction in ln Lof8n21). The same placement of Rhizobium galegae or the three-taxon lineage also showed no significant reduction in likelihood (P 0n0568). However, placement of Rhizobium leguminosarum-Rhizobium etli or Rhizobium galegae within the Sinorhizobium clade was significantly worse (P 0n0369), as was placement on the Mesorhizobium branch (P 0n0165). Disruption of the Rhizobium leguminosarum-Rhizobium etli lineage was significant in all cases (P 0n0314), confirming the neighbour-joining bootstrap support for this clade.
Evidence from insertions and deletions
There are a number of small insertions and deletions in the atpD alignment that provide additional phylogenetic evidence. Relative to all the other sequences (including outgroups), Azorhizobium caulinodans and Brevundimonas bullata have a 15 bp insertion at position 301 in the alignment and Bradyrhizobium japonicum has a 12 bp insertion at the same place. These insertions are related in sequence and provide good support for the monophyly of these three species, as shown in Fig. 2 . All the sequences in Fig. 2 , with the exception of those of Brevundimonas bullata and the two Rhodobacter species, have a 3 bp deletion at position 441 relative to the outgroups (Rickettsia has a 3 bp insertion at the same position). If the phylogeny in Fig. 2 is correct, this implies two independent deletions at the same site : one in the BradyrhizobiumAzorhizobium lineage and the other in the ancestor of 
Fig. 5.
Comparison of the combined atpDrecA phylogeny for rhizobia and agrobacteria and the corresponding SSU phylogeny. The trees were constructed by the maximum-likelihood method (F84 model), but bootstrap values ( percentages of 1000 replicates) are for the corresponding branches in the neighbour-joining tree. Unlabelled branches were not found in the neighbour-joining tree. Genera are abbreviated as : Ag., Agrobacterium ; Az., Azorhizobium ; M., Mesorhizobium ; R., Rhizobium ; S., Sinorhizobium.
the other species. A plausible alternative is that the Rhodobacter sequences are actually basal to the rest of the taxa in Fig. 2 and that there was a single deletion with a subsequent reinsertion in Brevundimonas (which has a high level of sequence divergence in general). There are length variants in the SSU alignment, too, but they tend to occur in variable regions in which the exact alignment is uncertain. At around position 950, there are 3 bp missing in Rhizobium leguminosarum, Rhizobium etli, Rhizobium tropici A and B, Rhizobium galegae and Agrobacterium rhizogenes, but not in Agrobacterium tumefaciens. This unites the whole Rhizobium-Agrobacterium cluster except Agrobacterium tumefaciens and supports the bootscan analysis, which suggests that, in this segment of the SSU gene, Agrobacterium tumefaciens is divergent from Rhizobium galegae (see above). There is a similar 3 bp deletion in the Brevundimonas bullata sequence, but this presumably represents convergent evolution, since this sequence is very distant. A deletion of 21 bp at position 1200 is a shared derived character of Brevundimonas and the two Rhodobacter sequences, supporting a Brevundimonas-Rhodobacter clade that is not present in Fig. 1 , but is not significantly contradicted. These three sequences also share a TTCG loop at positions 60-63 (all rhizobia have GCAA).
DISCUSSION
The Mesorhizobium clade
The genus Mesorhizobium was created to recognize a group of species with distinctive phenotypic properties and forming a clearly defined clade in the SSU phylogeny that was outside the RhizobiumSinorhizobium-Agrobacterium cluster (Jarvis et al., 1997) . Our analyses of atpD and recA sequences fully support both the integrity of the Mesorhizobium clade and its placement in the phylogeny. Further evidence is provided by a recent study of glutamine synthetase sequences (Turner & Young, 2000) . The phylogeny of the GSI gene glnA yet again places Mesorhizobium as a tight clade outside the fast-growing rhizobia. However, the GSII gene is more equivocal. It is not possible to root the tree unambiguously because this gene is not widespread in bacteria, but the sequences for Mesorhizobium mediterraneum, Mesorhizobium tianshanense, Mesorhizobium ciceri and (less convincingly) Mesorhizobium loti do cluster together. The Mesorhizobium huakuii sequence, on the other hand, shows closer affinity with sequences of the genus Rhizobium. Turner & Young (2000) suggested that this might be the result of recombination ; perhaps replacement of the whole gene, since they found no evidence for a recombination site within the gene. Our atpD and recA data reinforce the view that the SSUbased phylogeny holds for the majority of the genome and that GSII is exceptional and requires a special explanation of this kind.
Mesorhizobium forms a closely knit clade, but relationships among the species are not the same for all genes. For SSU, the Mesorhizobium loti and Mesorhizobium ciceri type strains are very similar, but this is not true for any of the other genes. This is consistent with the finding that Mesorhizobium strains that are virtually identical in SSU sequence may be unrelated in terms of DNA-DNA hybridization (Sullivan et al., 1996) and suggests that there may be recombination of chromosomal genes between Mesorhizobium species.
The Sinorhizobium clade
Like Mesorhizobium, the genus Sinorhizobium forms a very clearly defined clade in the SSU tree, with a high level of sequence similarity among the species. All the sequences from other genes confirm that Sinorhizobium is indeed a clade, with good bootstrap support : atpD, 94%; recA,82%(atpD and recA jointly 99 %), glnA, 96 % and glnII, 100 % (Turner & Young, 2000) . All the genes also agree that Sinorhizobium meliloti and Sinorhizobium medicae are sister taxa, but atpD, recA and glnA all support a pairing of Sinorhizobium terangae with Sinorhizobium fredii, in contradiction to the pairing of Sinorhizobium terangae and Sinorhizobium sahelense that is strongly supported by SSU sequence and also favoured by glnII. Again, this might be interpreted as evidence for recombination between species.
Rhizobium and Agrobacterium
Almost 70 years ago, Fred et al. (1932) pointed out that agrobacteria and fast-growing rhizobia seemed to be more closely related than either were to bradyrhizobia, an insight that has of course been amply confirmed by modern methods. The amalgamation of Rhizobium and Agrobacterium has been suggested several times without a formal proposal (de Ley, 1968 ; Graham, 1964 Graham, , 1976 Heberlein et al., 1967 ; Kerr, 1992 ; Sawada et al., 1993 ; White, 1972 ), but such a proposal has finally been made ( Young et al., 2001) . It is certainly true that the species of these two genera do not form two separate clades. One reason for this is easily dealt with : Agrobacterium rhizogenes (also known as biovar 2) is closely similar to Rhizobium tropici in SSU sequence and we see that this relationship also holds for atpD and recA. Clearly, these species belong in the same genus.
A deeper problem has been Rhizobium galegae, which usually clusters with Agrobacterium (specifically Agrobacterium vitis) rather than Rhizobium in the SSU phylogeny, as do Rhizobium huautlense ( Wang et al., 1998) and Allorhizobium undicola (de Lajudie et al., 1998b) . Wang et al. (1998) noted that, as more sequences were added to the RhizobiumAgrobacterium part of the SSU phylogeny, the clustering of Rhizobium galegae with Agrobacterium disappeared. This is consistent with our evidence from the other genes : neither atpD nor recA provides any support for a Rhizobium galegae-Agrobacterium tumefaciens clade or for any other particular association involving either of these species.
Our data suggest that the distinction between Rhizobium and Agrobacterium is less clear-cut than it appears from SSU sequences alone, which could be taken as support for the proposal to amalgamate them ( Young et al., 2001) . Before doing this, though, it is important to be reasonably confident that the grouping is monophyletic. Considering only the species in our study, bootstrap support is 92 % for SSU (Fig. 1) but only 48 % for recA (Fig. 2) , while in the atpD tree, Mycoplana and Sinorhizobium cannot be excluded from the clade. In the case of recA, the poor support is due largely to the two Phyllobacterium sequences, which are highly diverged but share a considerable number of phylogenetically informative sites with Rhizobium-Agrobacterium. The phylogenetic position of Phyllobacterium is uncertain, but the SSU and atpD phylogenies suggest that it does not belong in the Rhizobium-Agrobacterium clade. If only rhizobia and agrobacteria are considered, support for this clade rises to 93 % (Fig. 5) . Of course, there are several Agrobacterium and Rhizobium species that were not included in our study, and it will be important to examine their atpD and recA sequences before concluding that these genes fully support a RhizobiumAgrobacterium clade.
Phyllobacterium, Mycoplana and Brevundimonas
While the close similarity of Agrobacterium to Rhizobium is indisputable, the phylogenetic placement of the other non-rhizobia is much more problematic. Brevundimonas bullata is always on a long branch with no close relatives, while the two Mycoplana species consistently cluster together, forming a separate clade at the same level as Rhizobium, Sinorhizobium and Mesorhizobium and not associated closely with any one of these genera. At all three loci, Phyllobacterium myrsinacearum and Phyllobacterium rubiacearum are so closely related that one might question whether they represent distinct species. Their phylogenetic position is, however, very uncertain. The SSU sequences have some affinity with Mesorhizobium and recA with Rhizobium-Agrobacterium, but the Phyllobacterium sequences are too diverged to place stably in the phylogenies. There is certainly little support for the suggestion that Mesorhizobium be placed together with Phyllobacterium in a family Phyllobacteriaceae (http :\\ www.cme.msu.edu\Bergeys). There is little literature on Phyllobacterium, Mycoplana or Brevundimonas at present, but their pattern of molecular divergence suggests that their evolutionary history may be different from that of the rhizobia.
Next steps in the phylogeny of the rhizobia
Since this study was initiated, there have been several additions to the rhizobial species list as a result of sampling from a wider range of host-plant species and habitats. Some, such as Rhizobium hainanense (Chen et al., 1997) , Rhizobium gallicum (Amarger et al., 1997) , Rhizobium mongolense (van Berkum et al., 1998) , Mesorhizobium amorphae ( Wang et al., 1999) , Mesorhizobium plurifarium (de Lajudie et al., 1998a) , Sinorhizobium arboris and Sinorhizobium kostiense (Nick et al., 1999) , can be placed very firmly within existing clades on the basis of their SSU sequences. While it would be reassuring to confirm these placements using other genes, we would not expect many surprises because our data show that an unambiguous SSU similarity is usually reflected in other genes. More interesting are the new species of less obvious affinity, and further gene sequences from Rhizobium giardinii, Rhizobium huautlense and Allorhizobium undicola would be welcome.
Despite a greatly broadened sampling of host-plant species and geographical locations, the taxonomic diversity of root-nodule bacteria has, until recently, remained relatively narrow and clearly defined. The new species have fallen mainly within the existing genera or, failing that, between them rather than beyond them. The recent report (Sy et al., 2001 ) of root-nodule bacteria in the genus Methylobacterium is an exception and represents the first expansion of the known phylogenetic range of rhizobia since the description of Azorhizobium (Dreyfus et al., 1988) . Nevertheless, plasmid replicons related to those that carry symbiosis genes in many rhizobia have been found in Paracoccus (Bartosik et al., 1997) and Rhodobacter (unpublished Rhodobacter capsulatus genome sequence at http :\\rhodo.img.cas.cz\) and there seems no intrinsic reason why the root-nodule symbiosis should not extend to these groups of the α-Proteobacteria or even beyond. The broad phylogenetic agreement that we report here is true only for the ' housekeeping ' genome and there is now ample evidence that the symbiosis genes have a quite different evolutionary history as a result of horizontal transfer. There are probably other sets of ' contingency genes ' that have idiosyncratic phylogenies, but our study indicates that there is a robust and consistent phylogeny for the genomic backbone of housekeeping genes in bacteria.
